The ongoing proliferation of electronic devices and growing concerns about increasing environmental burdens are leading to increasing demands for solution-based fabrication methods, which will contribute towards a sustainable society with their low carbon emissions. The use of soluble organic semiconductors enables fabrication of plastic electronic devices, such as organic field effect transistors (OFETs), organic light emitting diodes and organic solar cells, with both low cost and low energy consumption[@b1][@b2][@b3]. In particular, organic single crystals have been reported to exhibit high performance in OFETs because of the absence of grain boundaries and the resulting low defect density[@b4][@b5][@b6][@b7][@b8][@b9][@b10][@b11][@b12][@b13][@b14][@b15][@b16]. However, to integrate organic single crystals into practical devices as active materials two techniques must be developed. The first is the patterned growth of organic single crystals on desired regions, which is necessary for reducing the crosstalk among neighboring devices. For instance, Briseno *et al*. formed organic single crystal arrays on selective surface areas by exploiting the different surface properties of a pattern produced by a polydimethylsiloxane stamp, but these crystals were grown from the vapor phase[@b17]. Thereafter, several studies have been conducted on the formation and/or patterning of organic single crystals on a substrate by solution processes[@b18][@b19][@b20][@b21][@b22][@b23][@b24][@b25][@b26][@b27][@b28][@b29][@b30][@b31][@b32][@b33][@b34][@b35]. The second requirement is the ability to control the orientation of the organic crystals. Charge transport in organic crystals depends upon their orientation, due to their commonly having an anisotropic molecular arrangement[@b16], which can lead to considerable variability in the electrical performance of devices. Therefore, the ability to control both the position and orientation of deposited crystals is essential for practical application of organic crystals to devices. Recently, Minemawari *et al*. demonstrated an inkjet printing process for fabricating single crystal films with the organic semiconductor dioctylbenzothienobenzothiophene (C8-BTBT)[@b33]. They have used a technique combining antisolvent crystallization and inkjet printing, resulting in the formation of highly uniform organic single crystal films at the desired locations, and OFETs with an extremely high average mobility of 16.4 cm^2^V^−1^s^−1^. In this method, crystal nucleation occurs due to the evaporation of solvent.

In this work, we develop a bottom-up method which enables aligned formation of organic single crystals on a substrate by self-assembly. The use of self-assembly as a driving force to form a mono-crystalline semiconductor layer is particularly promising for printable electronics technology, because it can be performed under ambient atmosphere at room temperature. Here we use C8-BTBT as the organic semiconductor, which tends to form one-dimensional crystal under solvent vapor. Our method is based upon the confinement effect induced by different surface wettabilities, where the organic crystals are grown in the narrow trenches to restrict the growth direction. Consequently, we develop a process for the direct formation of organic single crystals using a self-organised solution-based method with both their position and orientation being controlled. The spontaneous alignment of one-dimensional crystals is possible not only for organic semiconductors[@b18][@b27] but also for some inorganic materials[@b36][@b37][@b38], as long as the materials can create one-dimensional single crystal structure. We also demonstrate that this method can fabricate organic FETs. The devices exhibit an average field-effect mobility (*μ*~FET~) of 1.1 cm^2^V^−1^s^−1^. The simplicity of the proposed method makes it a promising candidate for widespread adoption in future electronics based on single crystals.

Results
=======

Fabrication of organic single crystal arrays by self-organization with controlled crystal direction
---------------------------------------------------------------------------------------------------

In order to realize oriented growth of organic crystals, we employed polymer assisted solvent vapor annealing (PASVA)[@b32][@b34]. C8-BTBT was used as the organic semiconductor material because as it has been shown to be a good candidate for creating one-dimensional rod-like structures with good air-stability and a high device mobility[@b32][@b34][@b39]. The PASVA offers the advantage of being an all-solution process that can produce high-quality organic single crystals at room temperature. In a previous report, we demonstrate the direct formation of C8-BTBT single crystals on a polymer base film under solvent vapor[@b32]. This process relies on the solubility of the polymer base film, which allows semiconductor molecules to travel significant distances on the surface. Consequently, PASVA enables the reorganisation of molecules into single crystals with lengths of up to several hundred micrometers. C8-BTBT tends to form long rod-like crystals, the long axis of which corresponds to the \[100\] crystal direction. This method was carried out on a patterned substrate, limiting the growth direction of the crystals and allowing fine control of the crystal location and orientation over a wide area.

We first patterned the substrate surface into regions that were either wettable or unwettable by the organic semiconductor solution[@b29][@b30][@b31][@b35]. A silicon wafer with a 200-nm-thick silicon dioxide layer was used as the substrate. The solution-wettable surface regions were first produced by UV-ozone cleaning. As illustrated in [Figure 1a](#f1){ref-type="fig"}, a photoresist pattern was formed by photolithography on the wettable surface. A fluoropolymer, CytopTM, was then spin-coated and annealed for 2 hours at 90°C. The photoresist was subsequently lifted off to form unwettable Cytop regions on the substrate enclosing a pattern of wettable trenches. At this stage, the thickness of the Cytop layer measured by a surface profilometer was approximately 100 nm. An anisole solution of C8-BTBT (1 wt%) and poly(methylmethacrylate) (PMMA, 2 wt%) was then applied to the substrate, resulting in trace amounts of the semiconductor solution entering the wettable trenches. As the anisole evaporated, a polycrystalline C8-BTBT film was formed on an underlying PMMA film by vertical phase separation (similar to that reported in Ref.[@b29]) exclusively in the trenches. The PASVA with chloroform was then carried out for 10 hours, causing the polycrystalline C8-BTBT films in the trenches to recrystallize into rod-like single crystals oriented along the trench directions. As shown in a cross section in [Figure 1b](#f1){ref-type="fig"}, the typical thicknesses of the crystals and PMMA layers were 250 nm and 80 nm, respectively. Besides, without PMMA the crystals were not grown in the trenches, with the role of PMMA being to absorb the chloroform solvent, enabling C8-BTBT molecules to move easily for crystallization.

Thus, by patterning wettable areas on the surface and using PASVA, we successfully form an organic single crystal array with a single crystal orientation over a wide area. A polarized optical micrograph of the array is shown in [Figure 2a](#f2){ref-type="fig"}. It can be clearly seen that the crystals are formed only in the trenches and that they have a similar color and brightness. This indicates that the technique allows good control of both the crystal position and orientation. An analysis of the optical micrographs showed that 83% of the 270 trenches were occupied by crystals, 98% of which were preferentially aligned with a certain crystal orientation. The remaining 17 % of empty trenches without C8-BTBT single crystals in the figure were likely caused by uncompleted crystal creation due to the lack of either PMMA or C8-BTBT molecules. [Figure 2b](#f2){ref-type="fig"} shows polarized optical micrographs of crystals rotated 45° between each image with the diagonal and extinction positions. This observation confirms that the crystals have the same orientation as the patterned trenches. We also perform X-ray diffraction analysis of these aligned crystals to investigate their internal crystallinity, as shown in [Supplementary information 1](#s1){ref-type="supplementary-material"}. From the diffraction signals obtained, it can be confirmed that the C8-BTBT molecules are stacked in the same direction \[100\] as we reported previously[@b32][@b34]. Thus, it implies that the rod-like structure of crystals aligned is coincident with crystals in Ref.[@b32]. Consequently, polarized optical microscopic images and X-ray diffraction patterns suggest that the all the crystals are aligned with the same crystal orientation.

Discussions
===========

Since crystal alignment occurs during the PASVA process, we investigate the mechanism of oriented crystal growth in order to determine which parameters have the largest influence on crystal alignment. We first consider the effect of substrate orientation during PASVA. [Figure a](#s1){ref-type="supplementary-material"}) in [Supplementary information 2](#s1){ref-type="supplementary-material"} shows aligned crystals in two perpendicular trenches formed on a tilted substrate. It can be seen that the crystals grew equally well within both trenches, indicating no dependence on substrate orientation. We suspect that within each trench the underlying PMMA is not completely melted, rather they gather together expelling C8-BTBT, independently of substrate tilt. Similar results are found for a tilted substrate having eight trenches along different directions ([Figure b](#s1){ref-type="supplementary-material"}) in [Supplementary information 2](#s1){ref-type="supplementary-material"}). Here, the polarized micrographs clearly indicate that the crystal orientation is determined only by the trench direction, and the substrate orientation does not have any effect.

To gain yet more information on the crystal alignment mechanism, we observe the crystal growth process during PASVA using real-time video. As shown in [Figure 3](#f3){ref-type="fig"}, the crystal gradually orients itself along the trench direction as it grows longer. As the C8-BTBT crystal starts crystallizing (t = 0), the crystal is almost aligned perpendicular to the trench direction. As time advances, the ends of the crystal reach the sides of the trench, and then start to change the growth direction along the long axis of the trench. Thus, the PASVA process causes strong alignment of the crystal along the trench direction. Also, we consider the affinity between molecule-molecule and molecule-substrate. As we have reported in our previous work[@b32], a C8-BTBT and PMMA mixture is at first spin-coated on the patterned substrate and exists as a phase separated film. After it is dried, PASVA is applied using a chloroform vapor. During PASVA, both C8-BTBT and PMMA are dissolved by the vapor in a liquid-like phase. Due to the differential solubility in chloroform, PMMA stacks together, expelling C8-BTBT, and consequently inducing C8-BTBT crystallization on the PMMA surface as rod-like structures. Therefore, the C8-BTBT itself is not affected by the substrate, forming crystals with the (100) crystal orientation, independently of any substrate interaction. Proof that PMMA exists underneath crystals is confirmed by capacitance-voltage measurements as shown in the section of field effect transistors and also in Ref.[@b32]. Thus, the major driving force for the change in crystal orientation is clearly the self-assembling ability of C8-BTBT molecules toward a \[100\] crystal orientation, which is preferred for C8-BTBT molecular stacking. When the crystal is about to grow longer than the trench width due to the strong interaction among molecules, it is forced to align along the trench direction due to the unwettability of C8-BTBT on Cytop. Another important factor is the solubility in chloroform vapor of the PMMA layer underneath the crystals. During PASVA, the PMMA surface may melt and swell in the solvent vapor, which decreases the interaction between the organic semiconductor and the underlying polymer film, increasing the molecular mobility on the surface, resulting in the self-aligned formation of oriented crystals in the patterned trenches.

We also investigate the effect of trench geometry on the crystal formation process. [Figure 4](#f4){ref-type="fig"} shows optical micrographs of crystals formed by PASVA trenches of different lengths (L) and widths (W). All other fabrication conditions, such as the volume of organic semiconductor solution used and the annealing time, are exactly the same for all samples. We first examine crystal formation in trenches with different L and fixed W ( = 20 *μ*m). As can be seen in [Figure 4b](#f4){ref-type="fig"}, the crystal orientation is found to clearly depend on the trench geometry. For the case of a square trench (L = W = 20 *μ*m), the crystal orientation is random. On the other hand, crystals tend to align along the long direction of the trench as L increases, which suggests that the trenches must be longer in one direction to effectively align crystals. We next examine the effect of varying W for sufficiently large L ([Figure 4c](#f4){ref-type="fig"}). For W = 5 *μ*m, no crystallization of C8-BTBT is found to occur in the trench, probably due to an insufficient amount of C8-BTBT and underlying PMMA in such a narrow trench or the un-wetting PMMA of in the very narrow trench. A slight improvement in the crystallization degree is observed for the samples with W = 7.5--10 *μ*m. Some crystals are formed but they are too small to become aligned in the trench. For W = 15--20 *μ*m, sufficiently large crystals are formed with a relatively small spread in orientation. The crystals are typically longer than 50 *μ*m, with the largest being longer than 600 *μ*m ([Figure 4d](#f4){ref-type="fig"}). However, for W \> 25 *μ*m, the spread in orientations tends to increase, probably due to insufficient confinement within the trench. Consequently, a W value of around 20 *μ*m can be considered to be the most appropriate for optimizing the degree of crystal orientation. In organic materials, C8-BTBT is one of the most promising candidates for this method for device application. However, we are confident that a controlled growth direction of other organic solution-processable single crystals such as BTBT derivatives, perylene-bis(dicarboximide) derivatives or trimethylsilane-aquarterthiophene is possible[@b18][@b27]. In the case of other materials, the trench size and width need to be optimized.

We next fabricate OFETs using the aligned single crystals fabricated by this method. The OFETs are fabricated with a bottom-gate top-contact structure as shown in [Figure 5a](#f5){ref-type="fig"}. A highly doped Si substrate is used as a gate electrode, and the silicon dioxide and PMMA layers underneath the organic crystals act as a gate insulator. The long axis direction of the crystals corresponds to the \[100\] crystal orientation along which the largest π-orbital overlap among neighboring molecules is expected[@b40]. Since the highest occupied molecular orbital (HOMO) of C8-BTBT is known to be 5.7 eV, and a relatively large charge injection barrier is expected for gold source/drain electrodes, an amorphous iron (III) chloride (FeCl~3~) layer is inserted at the metal/organic interface. FeCl~3~ is known as a strong acceptor, which improves the charge injection efficiency. The charge injection barrier between the HOMO of C8-BTBT and Au is reduced by the acceptors, thereby inducing charge transfer between C8-BTBT and FeCl~3~[@b41][@b42]. Using this FeCl~3~/Au electrode configuration, 32 OFET devices are fabricated. Values of field effect mobility, threshold voltage and on/off ratio are extracted for the all devices fabricated and their distribution is shown in [Figure 5b](#f5){ref-type="fig"}. Also, typical transfer and output characteristics of the devices are shown in [Figure 5c and d](#f5){ref-type="fig"}, respectively. An average value of the mobility of 1.1 cm^2^V^−1^s^−1^ (standard deviation: 0.78 and maximum mobility: 3.8 cm^2^V^−1^s^−1^) is obtained. The mobility value is lower than our previous report[@b32] and a recently published report by Minemawari et al.[@b33] This would be due to the relatively short channel length used (35 μm) and the large contact resistance. The effect of the contact resistance can be seen in the output characteristics ([Fig. 5d](#f5){ref-type="fig"}), where the drain current increases nonlinearly at the low drain voltage region. The large contact resistance is probably induced by the energy level mismatch between Fermi level of Au and HOMO of C8-BTBT or relatively large thickness of the crystals[@b32], although we insert the acceptor layer to suppress these unfavorable effects. On the other hand, the devices show ideal transistor behavior in the transfer characteristics ([Fig, 5c](#f5){ref-type="fig"}) with an average on/off ratio of 10^4^, indicating a possibility to use our method for practical fabrication process in plastic electronics. Furthermore, the performance distribution exhibited is similarly narrow, as reported by organic field effect transistors, in terms of standard deviation[@b32][@b33][@b35]. The simplicity of this method can be applied to other solution processable materials having an one-dimensional structure such as solution-processable zinc oxide[@b36][@b37] and lanthanide hydroxide nanorods[@b38]. Thus, this method is suitable to be used for the fabrication of single crystal arrays and provides a new solution-processing method to control the orientation of single crystals in many fields.

In conclusion, we develop a solution-based method for the fabrication of organic single crystal arrays with controlled crystal orientation using PASVA in confined areas on the surface. We demonstrate that C8-BTBT crystals can be self-organized in patterned wettable rectangular regions on a substrate, and that the \[100\] crystal direction can be aligned along the long axis of the rectangle. The driving force is found to be the self-assembling ability of the C8-BTBT molecules on the soluble polymer base film. The influence of the geometry of the confinement area on the crystal alignment is also discussed. Moreover, OFETs based on the aligned crystals are demonstrated with an average field-effect mobility of 1.1 cm^2^V^−1^s^−1^ measured across 32 devices. These results indicate that the proposed technique is promising for future large-area electronics based upon all solution-processable single crystals.

Methods
=======

Patterned Cytop Substrate
-------------------------

All experiments were carried out under ambient conditions. A highly doped n-type \[100\] silicon wafer with a 200-nm-thick SiO~2~ layer was used as a substrate. The wafer was cleaned with solvents and treated with ultraviolet (UV) ozone to make the surface wettable for organic solutions. Photoresist (PR, ma-N 1400, micro resist technology, Germany) was spin-coated on the substrate and patterned by a typical photolithographic technique. Cytop^TM^ (Asahi Glass, Japan) was diluted with the developer (CT-Solv. 180) at a ratio of 1:2 and spin-coated onto the PR patterned substrate. The substrate was annealed at 90°C for two hours. The PR was then lifted off, resulting in a patterned Cytop layer on the substrate. The thickness of the Cytop layer was measured to be about 100 nm using a surface profiler.

C8-BTBT Solution
----------------

C8-BTBT (Nippon Kayaku) and PMMA (Nippon Zeon, M~W~ = 950,000) were dissolved in anisole (1 wt.% for C8-BTBT and 2 wt% for PMMA).

Aligned Crystal Growth
----------------------

The C8-BTBT solution was applied to the patterned substrate, but remained only in the trenches due to their wettability, and PASVA was performed with chloroform vapor for 10 hours. The growth process is similar to the process described in Ref.[@b32]. Optical images, including the real-time images of the self-alignment process in [Figure 3](#f3){ref-type="fig"}, were obtained using a digital optical microscope (VHX-1000, Keyence).

FET Fabrication and Characterization
------------------------------------

OFETs were fabricated using the aligned crystals with the \[100\] crystal direction corresponding to the channel direction. Source and drain electrodes were thermally evaporated at a rate of 0.1 Å/s for FeCl~3~ (0.3 nm) and gold (40 nm) through a metal shadow mask in vacuum (under 5×10^−4^ Pa). The OFET characteristics were measured in vacuum (under 5×10^−4^ Pa) using an Agilent 4156C parameter analyzer. *Ci* (capacitance per unit area) measured by capacitance-voltage measurement is about 30 nFcm^−2^ at 50 Hz.
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![Organic single crystal arrays on the patterned Cytop substrate.\
(a) Schematic outline of the fabrication of self-aligned organic single crystal arrays. The wettable trenches are formed by patterning an anisole-unwettable 100-nm-thick Cytop layer using a standard photolithographic technique. A solution of C8-BTBT/PMMA in anisole is applied but remains only in the wettable trenches, because the surrounding Cytop region repels it. During PASVA with chloroform, the C8-BTBT film becomes recrystallized into single crystal arrays with the same orientation. The insert is the molecular structure of C8-BTBT. (b) Organic single crystals fabricated by the present method. The polarized optical micrograph shows the crystals are fabricated only in the trenches and have the same crystal orientation. The surface profile shows that the typical thickness of the crystals is about 250 nm.](srep00393-f1){#f1}

![Organic single crystal arrays with controlled crystal orientation in large scale.\
(a) Polarized optical micrograph of an organic single crystal array. (b) Optical micrographs of crystals with and without a polarizer. The polarized images show the diagonal and extinction positions of the crystals. The images were taken at the positions rotated 45° for each with the diagonal and extinction positions.](srep00393-f2){#f2}

![Real-time observation of the crystal growth and alignment process.\
The polarized optical micrographs were taken at 1, 2, 5, and 20 min after the start of the PASVA process. The red-arrows are guides showing the \[100\] crystal orientation.](srep00393-f3){#f3}

![Control of the crystal orientation by trench size on the substrate.\
(a) Schematic diagram of the trench geometry defined by the length (L) and width (d). (b) Optical micrographs of samples after crystal growth for different L and a fixed W of 20 μm. The black arrows indicate the \[100\] direction of the C8-BTBT crystals. (c) Optical micrographs of samples with the different W and sufficiently large L. (d) Polarized optical micrograph of the longest crystal obtained. The length of the crystal was 685 μm.](srep00393-f4){#f4}

![Organic single crystal field effect transistors.\
(a) A schematic diagram of the device structure and optical microscopic image of the transistor. (b) Histograms of field effect mobility: 1.1 cm^2^V^−1^s^−1^ (standard deviation: 0.78 and maximum mobility: 3.8 cm^2^V^−1^s^−1^), threshold voltage: −14.9 V (σ: 6.65) and log (on/off ratio) 4.0 (σ:0.82) measured 32 transistors. (b) Transfer and (c) output characteristics of a typical device.](srep00393-f5){#f5}
